The expression of alanine aminotransferase (EC 2.6.1.2), an enzyme that is inducible in the liver, has been examined in somatic hybrid cells formed by crossing well-differentiated rat hepatoma cells with rat diploid epithelial cells, the former characterized by high activity and inducibility of the enzyme, and the latter by the absence of detectable activity. The hybrid cells that contain essentially complete chromosomal sets of the two parents show only very low activity and little inducibility. Among numerous "segregated" hybrid subclones, which have lost up to 40% of the chromosomes initially present, several show expression of intermediate levels of enzyme activity and very little inducibility, and two independent subclones are characterized by full re-expression of both baseline and inducible enzyme activity. The electrophoretic mobility of the enzyme from the latter hybrids, from the hepatoma parental cells, and from rat liver is identical. The absence of a correlation between total chromosome number of the hybrid cells and re-expression of alanine aminotransferase suggests that the loss of specific chromosomes is required for re-expression. In these hybrid cells, the re-expression of alanine aminotransferase baseline and inducibility is independent of that of tyrosine aminotransferase inducibility.
Previous publications have reported the extinction and reexpression of several liver-specific enzymes in a series of hybrids formed by crossing well-differentiated rat hepatoma cells with aneuploid mouse fibroblasts and diploid rat epithelial cells. The enzymes studied have included tyrosine aminotransferase (EC 2.6.1.5) and its inducibility with dexamethasone (1, 2), aldolase B (EC 4.1.2.7) (3, 4) , and alcohol dehydrogenase (EC 1.1.1.1) (5). The present work was undertaken to examine the expression of another enzyme, alanine aminotransferase (EC 2.6.1.2; L-alanine: 2-oxoglutarate aminotransferase), characteristic of hepatic differentiation, in order to determine whether its expression (and possible re-expression) is coordinated with that of the other liver functions. Moreover, since this enzyme, like tyrosine aminotransferase, is induced by dexamethasone, it has been possible to determine whether there is a consistent correlation between the inducibility of both enzymes.
Alanine aminotransferase is a well-characterized enzyme (for review, see Segal and Matsuzawa, ref. 6 ) that shows high specificity for alanine in catalyzing an exchange between pyruvate and alanine, and between 2-oxoglutarate and glutamate. It has a broad pH optimum between 7.0 and 9.0, is stable to heating at 500 for several hours, and has a molecular weight of 114,000. The purified enzyme separates on acrylamide gel electrophoresis into two bands, of slightly different mobility, which appear to be subspecies. The enzymes from lung, brain, heart, and muscle are indistinguishable from the liver enzyme by serological tests and electrophoretic mobility. In the liver, where particularly high alanine aminotransferase activity is found, the enzyme is present in both the soluble and mitochondrial fractions, and its half-life has been shown to be about three days. The activity of rat-liver alanine aminotransferase is elevated several-fold by glucocorticosteroid hormone administration (7) , and it has been shown that this increased activity reflects an increased rate of enzyme synthesis (8) . A similar induction of the enzyme in rat hepatoma cells (Reuber H-35) grown in vitro has been described by Lee and Kenney (9) . These authors have shown that the enzymes from rat liver and from H-35 cells (both induced and noninduced) are serologically identical, and that the rate of incorporation of [3H ]leucine into alanine aminotransferase is increased upon treatment of the cells with hydrocortisone.
MATERIALS AND METHODS
All cell cultures were maintained as described (1) 3) and by freeze-thawing three times in an ethanol-dry ice bath. The whole cell extract was centrifuged at 20,000 X g for 30 min and the supernatant was removed for enzyme analysis. Separation of the mitochondrial and cytoplasmic cell fractions was accomplished by homogenization of freshly harvested cells suspended in the KPO4 buffer, followed by centrifugation at 12,000 X g for 20 min; after removal of the supernatant, the pellet containing the mitochondria was suspended in the KPO4 buffer. Both fractions were then treated as the whole cell extract with freeze-thawing and centrifugation at 20,000 X g for 30 min. Rat liver was minced, homogenized, further disrupted by freeze-thawing, and otherwise prepared as whole cell extracts.
Alanine aminotransferase was assayed by the method of Segal and Matsuzawa (6) . The only modification was to adapt the system to 1-ml rather than to 3-ml glass cuvettes. Specific activity units were determined as defined by Segal and Matsuzawa (6) has been possible to demonstrate the proportionality of activity to volume of extract over a wide range and to detect alanine aminotransferase after electrophoresis.
Examination of Table 1 shows that among the hybrid clones with low activity are included BF5 (the original hybrid clone that contains essentially all of the chromosomes of both parents), subclone BF5-C (with a karyotype identical to that of BF5), and a series of subclones (the origin of which is described in ref.
2) having undergone substantial loss of chromosomes. Comparison of the enzyme activities in the hybrid clones with low activity with those of the parents shows that each contains less than 10% of the activity found t In the cases where it is necessary to use large amounts of concentrated extract, a limited period during which rapid oxidation of NADH occurs is observed; this activity is independent of added alanine and lactate dehydrogenase. However, this effect can be abolished by (a) dialysis of the extracts or (b) incubation at 370 of the complete reaction mixture, containing extract but not alanine, for 10 min before addition of alanine. It is considered likely that this alanine-independent NADH oxidation is the consequence of the presence of sufficient amounts of pyruvate and lactate dehydrogenase in the concentrated extracts to give rise to a biphasic curve, the first slope due to endogenous pyruvate, and the second due to real alanine aminotransferase activity. In the cases where a biphase NADH oxidation curve has been observed, only the second part has been taken into account in calculation of the alanine aminotransferase activity. to permit highly reproducible assays; all of them show very low inducibility. Of particular interest is clone BF5-i-1, from which four subclones have been isolated and studied. Three of the subclones are very similar to BF5-1-1; however, one of them, BF5-1-1-o, is characterized by full re-expression of both baseline and inducible enzyme activity, and it is interesting to note that this subclone is not the one that has lost the largest number of chromosomes.
Since alanine aminotransferase of rat liver and of the hepatoma cells is present predominantly in the cytosol, with a small fraction in the mitochondria, it seemed possible that the low-activity hybrids might contain only the latter. The results of analyses of enzyme activity of the cytosol and of the mitochondrial fractions, from parental and hybrid cells (both basal and induced) are shown in Table 2 . In the hepatoma cells, whether induced or not, only 10-20% of the total activity is found in the mitochondria; a similar intracellular distribution is found for the low-(BF5) and intermediate-(BF5-1-1) level hybrids. Therefore, it appears that the reduction in activity of alanine aminotransferase of these hybrids is not due to a total absence of enzyme from one or the other compartment, but to a reduction in the total amount, with a distribution similar to that of the hepatoma parent. The two hybrid clones that re-express high levels of inducibility of the enzyme, contain, like the hepatoma cells, most of the enzyme in the cytosol, and perhaps a slightly higher fraction than the hepatoma cells in the mitochondria. With the exception of BF5-y-4, none of the cell types shows a change in the intracellular distribution after enzyme induction. The time course of enzyme induction in Fu 5-5 and in BF5-'yA cells, and the response of the enzyme in these cells to various concentrations of dexamethasone, are shown in Figs. 1 and 2 . The similarities between the two cell types are evident, and suggest that the same mechanisms are involved in the induction of the enzyme in the parental hepatoma, and in the hybrid cells that re-express this function. Identification of the alanine aminotransferase activity measured in rat liver, in hepatoma, and in hybrid cells has been achieved by analysis of the electrophoretic mobility of the enzyme from these different sources. Controls demonstrated that the simultaneous presence of alanine, 2-oxoglutarate, NAD, and glutamate dehydrogenase is required for the development of bands of activity. Use of old extracts of liver or of cultured cells led to the appearance of two closely migrating anodal bands. By use of a different electrophoresis procedure and purified rat-liver enzyme, Gatehouse et al. (13) similarly observed two closely migrating bands. However, when we used fresh extracts of liver or of cultured cells, only a single band of activity was seen, and its migration was identical whether extracts were prepared from rat liver, from Fu 5-5 (induced), or from BF5-1-1-a (induced and noninduced) cells (Fig. 3) ; a single band of identical electrophoretic mobility was also found for the cytoplasmic and mitochondrial fractions of BF5-1-1-a cells and for induced and noninduced cultures of BF5-'y4 cells. These results support the assumption that the hepatoma and the re-expressing hybrid cells are producing the "liver" enzyme. There are no indications of differences between the noninduced and induced enzymes, nor between the cytoplasmic and mitochondrial enzymes.
DISCUSSION
The activity and .inducibility of alanine aminotransferase in the parental hepatoma cells is similar to that described by Lee and Kenney (9) (b, induced), and BF5-1-1-a cells (c,f, induced; e, noninduced). The faint band that is stained on the cathodal portion of the gels (top) is due to alcohol dehydrogenase activity; this band is present in all controls and, unlike the major band on these gels, its development is independent of exogenous alanine, 2-oxoglutarate, and glutamate dehydrogenase.
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--q-q --",MNFW-IANPWNIWJIMProc. Nat. Acad. Sci. USA 70 (1973) Differentiated Functions in Hepatoma Hybrids 381 0.1 gM dexamethasone, but in most cases the magnitude of the change is considerably smaller than that which characterizes the hepatoma parental cells (Table 1) . We conclude that most of the hybrid clones show only a partial inducibility of the enzyme, and this conclusion is strengthened by the observation that full inducibility is re-expressed in two clones.
Hybrid subclone BF5-1-1, and its derivative subclones BF5-1-1-a, BF5-1-1-b, and BF5-1-1-b-5 , all show intermediate activity of the enzyme and very little inducibility. However, derivative subclone BF5-1-1-a is characterized by full reexpression of both baseline and inducible alanine aminotransferase. (Since re-expression of these two properties occurred concomitantly in BF5-1-1-a, it might be suggested that reexpression of a high baseline is in itself sufficient to lead to full inducibility. That this is unlikely is suggested by the similarity in baseline activity of clones BF5-1-1-b-5 and BFS-'y-4, the former characterized by little or no inducibility and the latter by full re-expression of inducibility.) R~e-expression of baseline activity of alanine aminotransferase, therefore, can occur in at least two steps, and baseline activity can be re-expressed in the absence of inducibility (and inducibility apparently can be re-expressed in the absence of a high baseline, see BF5 fl, Table 1 ). It has thus been possible to obtain with these hybrid cells at least three, and perhaps four, phenotypic classes, as would be expected if there are (at least) two genes mediating the independent expression of alanine aminotransferase baseline and inducibility.
One of the reasons for undertaking this work was to compare the behavior in the hybrid cells of the two enzymes alanine aminotransferase and tyrosine aminotransferase, both subject to induction by the same hormones and both produced in the hepatoma cells (Fu 5-5). A previous publication (2) has shown that baseline and inducibility of tyrosine aminotransferase are not expressed in the BF5 hybrid cells, while the series of subclones, BF5-1-1 and its descendants, all reexpress tyrosine aminotransferase inducibility (see footnote to Table 1 ). The re-expression of both high baseline and inducibility of alanine aminotransferase is thus independent of that of tyrosine aminotransferase inducibility. Since independent re-expression suggests independent regulatory elements, it can be tentatively concluded that at some step the induction of the two aminotransferases is mediated by independent mechanisms.
The phenomenon of re-expression of tissue-specific functions in somatic hybrids after the loss of chromosomes has now been documented in both interspecific (14, 15) and intraspecific hybrid cells. Among four different enzymes that have been examined in hepatoma hybrids, extinction and subsequent re-expression of each of them has been observed (2, 4, 5) . The fact that each of these enzymes can be re-expressed, and in some cases independently of one another, suggests a multiplicity of elements regulating the hepatic phenotype, and a very great stability of the epigenotype of the hepatoma parental cells (12) , since the potentiality to express each of these functions is inherited, through numerous hybrid cell generations, in the absence of overt expression.
